Glioblastoma multiforme (GBM) is a highly vascularized and aggressive brain tumor, with a strong ability to disseminate and invade the surrounding parenchyma. In addition, a subpopulation of GBM stem cells has been reported to possess the ability to transdifferentiate into tumor-derived endothelial cells (TDECs), supporting the resistance to anti-angiogenic treatments of newly formed blood vessels. Bone Morphogenetic Protein 9 (BMP9) is critically involved in the processes of cancer cell differentiation, invasion and metastasis, representing a potential tool in order to impair the intrinsic GBM aggressiveness. Here we demonstrate that BMP9 is able to trigger the activation of SMADs in patient-derived GBM cells, and to strongly inhibit proliferation and invasion by reducing the activation of PI3K/AKT/MAPK and RhoA/Cofilin pathways, respectively. Intriguingly, BMP9 treatment is sufficient to induce a strong differentiation of GBM stem-like cells and to significantly counteract the already reported process of GBM cell transdifferentiation into TDECs not only in in vitro mimicked TDEC models, but also in vivo in orthotopic xenografts in mice. Additionally, we describe a strong BMP9-mediated inhibition of the whole angiogenic process engaged during GBM tumor formation. Based on these results, we believe that BMP9, by acting at multiple levels against GBM cell aggressiveness, can be considered a promising candidate, to be further developed, for the future therapeutic management of GBM.
Introduction
Glioblastoma multiforme (GBM) represents the most malignant brain tumor characterized by a very poor prognosis despite intensification of therapy regimens [1] . Indeed, GBM are heavily aggressive tumors, due to their marked invasive properties and the presence of highly heterogenic cell phenotypes. In particular, a subpopulation of cells endowed with stem-like characteristics (GSCs) have been reported to be resistant to chemotherapeutics [2, 3] . In this context, an increasing number of studies suggest prodifferentiating agents as emerging GBM therapeutic tools [4] [5] [6] .
GBM is characterized by a peculiar hypoxic microenvironment that plays a key role in the maintenance of GBM stemness [7] and provides a potent pro-angiogenic stimulus [8] . Intriguingly, GSCs have been recently described to be able to support GBM neovascularization by transdifferentiating into tumor-derived endothelial cells (TDECs) [9] , characterized by the expression of multiple endothelial markers such as CD34, VE-cadherin, CD31 and von Willebrand Factor (vWF) [10] . Since TDECs have been reported to lack the expression of VEGF receptors, thus being resistant to classical anti-angiogenic therapies [10, 11] , the inhibition of this transdifferentiation process would potentially overcome anti-angiogenic therapy resistance in GBM [12] .
BMPs are members of the TGF-β family of ligands involved in tissue development and cell type specification [13, 14] . BMPs have been described to induce differentiation and inhibit proliferation and invasiveness in various cancers [15] [16] [17] [18] including GBM [5, [19] [20] [21] [22] [23] [24] . In addition, they were identified as molecular regulators of angiogenesis and vascular development [25] , with BMP9 mutations being the major cause of some vascular syndromes [26] . Indeed, the BMP9 receptor Activin receptor-Like Kinase 1 (ALK1) is specifically expressed in endothelial cells (EC) [27, 28] . Given these reported effects of BMP9 on both tumor and EC [16, 17, [27] [28] [29] , it may be exploited as an effective anti-cancer agent in GBM.
Here, we analyzed the effects exerted by BMP9 treatment on both GSCs and GSC-derived EC (i.e., TDECs). In particular, our results support the anticipated prodifferentiating effects of BMP9 in GBM cells, and demonstrate its peculiar ability of antagonizing TDECs formation in vitro. Moreover, the process of cell lineage specification is strictly dependent on tissue microenvironment, with hypoxia and HIF-1α activation being a hallmark of GBM tumors in order to sustain their undifferentiated phenotype and trigger a pro-angiogenic stimuli [7, 30, 31] . To support our results, we analyzed BMP9 treatment effects also in vivo in orthotopic xenograft GBM models in mice, showing that BMP9 may act in vivo as a dual anti-cancer agent by directly counteracting tumor growth through induction of GBM cell differentiation and the impairment of tumor angiogenesis and TDECs formation.
Results

BMP9 activates SMAD1/5/8 and SMAD2-dependent transcription in GBM cells
BMP9 has been described as a regulator of cell proliferation, self-renewal and differentiation. In particular, with the contribution of the co-receptor Endoglin, BMP9 binds both ALK1 and ALK5 receptors, and activates the canonical pathway effectors SMAD1/5/8 and SMAD2/3, respectively [32] . As a first step, we evaluated the ability of BMP9 to activate its intracellular downstream cascade in GBM cells, showing a rapid phosphorylation of both SMAD2 and SMAD1/5/8 after treatment (Fig. 1a) . As a confirmation of canonical signaling activation, the transcription of the SMADs direct target Id1 (ID1 gene) [28, 29, 32] , together with the Notch-dependent SMAD-controlled genes Hes1, Hey1 and Jag1 (HES1, HEY1, JAG1 genes) [33] , were significantly up-regulated following SMAD phosphorylation (Fig. 1b) . As a positive control, a concurrent upregulation of Endoglin (ENG gene) was observed (Suppl. Fig. S1 ), confirming the engagement of a described liganddependent pro-stimulatory loop of the signaling [28] . These data suggest that BMP9 is able to efficiently activate both canonical ALK1 and ALK5-dependent intracellular signaling in GBM cells.
BMP9 impairs cell proliferation, migration and invasion in vitro
The effects of BMP9 in GBM cells have never been reported so far. Here, we show that a 10 day treatment with BMP9 (30 ng/ml any other day) was sufficient to strongly inhibit GBM cell proliferation, without affecting cell viability (Fig. 2a, b and Suppl. Fig. S2A ). Moreover, Ki67 immunofluorescence confirmed a significant decrease of (HuTuP108/175). Data are presented as mean ± S.E.M of N = 3 independent experiments (b). *p < 0.05; **p < 0.01; ***p < 0.001 by paired t-test GBM growth after treatment (Fig. 2c and Suppl. Fig. S2B ). In order to deepen the molecular events underlying these effects, we analyzed the activation status of multiple intracellular effectors involved in the regulation of cell survival and proliferation, demonstrating a BMP9-mediated deactivation of PI3K, AKT and ERK1/2 as previously suggested [17, 34, 35] , finally resulting in the up-regulation of the cell cycle inhibitors p21 and p27 (Fig. 2d) . Intriguingly, BMP9 treatment even induced p38 phosphorylation, suggesting the potential activation of a non-classical p38-dependent activation of p21 (Fig. 2d) [36] .
Given the well-known role of BMP9 in reducing cell migration and invasion of breast cancer cells [16, 37] , we analyzed these potential effects also in GBM. BMP9 induced a strong rearrangement of intracellular actin filaments together with the disappearance of phosphorylated FAK from focal adhesions of cells (Fig. 2e) , resulting in a significant reduction of GBM cell motility by the scratch test (Fig. 2f and Suppl. Fig. S3A ) [38, 39] . As a further confirmation, we observed a strong impairment of GBM cell migration across transwell inserts upon BMP9 treatment (Fig. 2g) . In addition, we assessed the invasive properties of GBM cells, demonstrating that BMP9 significantly decreased the proportion of cells invading or passing through basal membrane extract-coated transwells (Fig. 2h) . Accordingly, BMP9 potently decreased Immunoblotting of indicated proteins following 10 days of BMP9 treatment at 30 ng/ml (HuTuP13/108) (i). Data are presented as mean ± S.E.M. of N ≥ 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 by t-test the intracellular levels of RhoA and phospho-Cofilin pro-migratory factors (Fig. 2i) , and induced a clear-cut inhibition of the pro-invasion enzyme MMP9 [40] (Fig. 2i and Suppl. Fig. S3B ), thus molecularly sustaining our results.
BMP9 inhibits self-renewal of GSCs and promotes their differentiation
Given the anticipated role of BMPs in regulating GBM cell phenotype [5, 19, 20, 22] , we analyzed the potential prodifferentiating effects exerted by BMP9 on GSCs. Selfrenewing properties of GSCs were dramatically impaired by BMP9 as demonstrated by a clear-cut reduction of both the size (Fig. 3a) and the number (Fig. 3b) of the GBM neurospheres generated in non-adhesive conditions. Interestingly, BMP9 was even able to induce spheres to attach to the bottom of culturing wells (Suppl. Fig. S4A ). In addition, BMP9-treated cells were subjected to a significant reduction of their GSC frequency (Fig. 3c) , suggesting that GBM cell differentiation occurs upon BMP9 stimulation. In this context, BMP9 treated cells acquired a more flattened and astrocytic-like shape (Fig. 3d) . Importantly, these morphological rearrangements were associated with a concomitant decrease in the expression of the neural stem cell (NSC) markers Nanog, Sox2 and Olig2 (NANOG, SOX2, OLIG2 genes) [19] , and a significant over-expression of the differentiation markers GFAP and βIII-tubulin (GFAP and TUBB3 genes) (Fig. 3e) . We further confirmed these data by flow cytometry, which showed that BMP9-treated GBM cells reduced the expression of CD133, Sox2 and Nestin, indicative of undifferentiated cells, and CD24, indicative of mature neurons, in favor of the astrocytic marker CD44 [41] ( Fig. 3f-g ). Along this line, immunofluorescence analysis disclosed a significant BMP9-mediated reduction of Nestin and Nanog, and a dramatic increase of the proportion of S100 and/or βIII-tubulin expressing cells (Fig. 3h, i) .
Differentiation of NSCs into GFAP + astrocytes in the normal brain is preceded by a stepwise series of progenitor cell (i.e., radial glia) divisions characterized by a peculiar phosphorylation of vimentin (p-Vim + ). These progenitors then progressively lose their multi-lineage ability and finally acquire a more differentiated astrocytic (GFAP + ) phenotype (Suppl. Fig. S4B ) [42] . BMP9 treatment of GBM cells induced a significant stimulation of GBM "progenitor-like" cell symmetric divisions (p-Vim + cell doublets) and a concomitant increase of their astrocytic differentiation (pVim + /GFAP + and pVim − /GFAP + ) (Fig. 3j and Suppl. Fig. S4C ). In addition, BMP9 limited the mean expression of CD56, described to be harbored by GBM neurospheres, but not by serum supplemented (more differentiated) cells (Suppl. Fig. S4D ) [43] .
BMP9 counteracts GSC transdifferentiation into TDECs
The ability of GSC to actively participate in tumor angiogenesis has already been reported in GBM demonstrating that most immature GBM cells are able to transdifferentiate into ECs in particular microenvironmental conditions [10, 44] . In order to model in vitro this process, we cultured primary GBM cells in EC medium, which was sufficient to induce a strong remodeling of GBM cell morphology by itself. Indeed, cells acquired a more flattened phenotype when compared to GBM medium, in which cells maintained a cluster growth and formed neurosphere-like structures (Fig. 4a) . Importantly, EC medium-cultured GBM cells underwent a peculiar phenotypic switch by acquiring surface expression of endothelial progenitor markers such as CD34, VE-cadherin, and CD31 ( Fig. 4b- Fig. S5D ). CMDiI tracking confirmed that our in vitro modeled TDECs mainly originate from GSCs as shown by their almost unique ability to acquire VEcadherin and CD31 surface expression (Suppl. Fig. S5E ). In this context, BMP9 was able to consistently antagonize the process of TDEC formation by strongly impacting on TDEC shape and phenotype (Fig. 4a ). BMP9 treatment significantly reduced the amount of CD34 + cells induced by EC medium (Fig. 4b ) and concomitantly decreased the expression of both stem cell and EC markers (Fig. 4c, d and Suppl. Fig. S5A , B, E). Ricci-Vitiani et al. previously reported the existence of GBM-derived ECs aberrantly expressing GFAP [9] . In our experimental conditions, in vitro generated TDECs not only retained, but even increased GFAP expression, with BMP9 being able to significantly counteract this phenomenon ( Fig. 4e and Suppl. Fig. S5B ). Given the well known ability of BMP9 to provide a potent osteogenic signal during bone formation and remodeling [29] , we tested the possibility that a BMP9 treatmentdependent osteogenic differentiation would occur in our experimental conditions, and thus excluded any potential + or CD44 + cell subpopulations detected after 10 days of treatment at 30 ng/ml every other day and expressed as the ratio between BMP9-treated and control samples (HuTuP10/47/82/83/174) (g). Representative immunofluorescence staining of GBM cells for Nestin/β III-tubulin (red and green respectively, h), Nanog/S100 (red and green respectively, i), p-VIM/GFAP (red and green respectively, j), and relative quantifications (right panels), after 10 days of BMP9 treatment at 30 ng/ml every other day (original magnification 20×, scale bar = 50 μm) (HuTuP13/47/83/ 108/174). Cell nuclei have been counterstained with DAPI (blue). Data are presented as mean ± S.E.M. of N ≥ 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001, by paired t-test induction of osteogenesis in both GBM end EC media (Suppl. Fig. S6 ).
Our results further confirm the peculiar ability of GSCs to transdifferentiate into EC in vitro and suggest BMP9 as a potent inhibitor of this process.
BMP9 impairs TDEC migration and their selfassembly into vascular-like structures
Endothelial cell migration represents an important process during physiological and pathological angiogenesis [31] . + after 10 days of treatment with BMP9 at 30 ng/ml every other day (HuTuP13/83/108/175) (b). Representative images (HuTuP174) of immunofluorescence staining for VE-cadherin (green, c), CD31 (green, d), GFAP (green, e) and relative quantifications (right panels), after 10 days of treatment at 30 ng/ml every other day (original magnification 20×, scale bar = 50 μm). Data are presented as mean ± S.E.M. of N ≥ 3 independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001 by paired t-test or One-way ANOVA For this reason, we monitored the ability of in vitro generated TDECs to efficiently migrate and organize in vascular-like structures during EC commitment, and evaluated if BMP9 treatment could affect these features. TDECs showed a significant enhancement of their migratory properties relative to GBM medium-cultured cells, with BMP9 limiting cell motility also in this experiments (Fig. 5a ). On the contrary, the ability of cells to organize in capillary-like structures was only slightly strengthened during endothelial commitment of cells (Fig. 5b) . Nevertheless, BMP9 treatment significantly reduced the complexity of the modeled vascular network by significantly diminishing the number of meshes and branches generated during tubule formation (Fig. 5b) . As a further support of this effect, BMP9 decreased the number of both vascular intersections (nodes) and isolated segments (Suppl. Fig. S7 ).
Importantly, although endothelial commitment was accompanied by a dramatic decline of cell proliferation, the above described BMP9 effects on TDECs motility/self organization were definitely independent from any potential BMP9-mediated anti-proliferative/toxic effect at the same time-points and dosages (Suppl. Fig. S8 ).
BMP9 impairs GBM growth in vivo by reducing cell stemness and tumor angiogenesis
Since GBM features are finely regulated by its peculiar microenvironment, we analyzed the effects of BMP9 also in vivo, in orthotopic GBM xenografts in mice. To this purpose, we stereotaxically injected control or BMP9 pretreated primary GBM cells (GFP-LUC-transduced) into NOD-SCID mice brains or either treated established GBM xenografts with two dosages of BMP9 (1 µg or 3 µg/ 14days) by intracranial osmotic pump infusion (Suppl. Fig. S9A ). Vital bioluminescence tracking during timedisclosed a progressive and strong BMP9-mediated inhibition of GBM growth by both treatment schedules (Fig. 6a, b and Suppl. Fig. S9B ). Histological analyses confirmed that control GBM cells gave rise to large tumors conversely to BMP9 pre-treated cells, which involved only a limited area of mice brains (Fig. 6c ) or BMP9-infused mice which showed a significant confinement of tumors and even the induction of intra-tumoral necrosis (Fig. 6d) . Importantly, BMP9 treatment was sufficient to significantly impair the ability of GBM cells to invade tumor-surrounding normal brain tissues (Fig. 6e, f) . (Fig. 6g-l) .
Since we previously showed that BMP9 inhibited in vitro the process of GSC transdifferentiation into TDECs (Fig. 4) , we analyzed this potential effect also in vivo. In this context, we measured the contribution of human GBM cellderived ECs to the developing murine vascular network by differentially stain vessels and GFP-expressing TDECs with anti-human CD31/anti-GFP or anti-mouse/anti-human CD31 antibody combinations (Suppl. Fig. S10A, B) . BMP9 treated (pre-treated or treated with 3 µg BMP9 infusion) tumors displayed a dramatic reduction (more than 50%) of the number of TDECs, relative to control mice (Fig. 7a-c) . Interestingly, also the whole angiogenic process was negatively affected by BMP9, which decreased the microvascular density (MVD; human (h) + mouse (m) CD31 + vessels) (Fig. 7d-f ) and the number of mCD31 + vessels supported by TDECs (hCD31 + ) (Fig. 7g) . Finally, in order to further analyze the effects of BMP9 on the GBM-dependent angiogenic process, we investigated the vascular mimicry (VM) process, already described to occur in glioma [46] . Indeed, it has been reported that a peculiar subset of GBM cells is capable to self-organize into aberrant CD31
− vascular-like tubules, strongly enriched in extracellular matrix deposits in order to provide them structural support [47] . The double staining of xenograft slides with PAS and CD31 (h + m) suggests the existence of PAS + / CD31 − vessels, likely derived from a VM process (Suppl. Fig. S10C) . Surprisingly, BMP9 treatment was able to almost abolish these VM-derived vessels (Fig. 7h ). All these data confirm our in vitro results and suggest BMP9 as a potent modulator of GBM growth and phenotype by interfering at multiple levels with GBM cell proliferation, motility, stemness and pro-angiogenic behavior.
Discussion
Given the intrinsic resistance to common treatments displayed by GBM tumors [2] , the setup of new therapeutic strategies is needed in order to obtain an efficient eradication of refractory malignant cells. Here, starting from the observation that CD133
+ GSCs express very low levels of BMP9 and its target Endoglin relative to the remaining GBM cell population (Suppl. Fig. S11A ), we evaluated the potential role of BMP9 in modulating GBM cell differentiation and aggressiveness. Although the exploration of the mechanism by which GSCs seem to be able to switch off BMP9 expression was not investigated in this study, these data fit well with the results reported here. Both ALK1 and ALK5 receptors may accommodate the binding of BMP9, thus inducing the phosphorylation of SMAD1/5/8 and SMAD2/3 intracellular mediators [48] . BMP9 exerts a concomitant activation of both pathways in GBM cells. Nevertheless, we can not exclude that a mutual exclusive activation of these factors may occur in phenotypically diverse subpopulations. In addition, the participation of Notch signaling to the BMP9-induced transcriptional activation [33] definitely increases the intricacy of signals involved in sustaining BMP9 functions. The first effect of BMP9 that we observed in our study was a clear-cut reduction of GBM cell proliferation. A similar effect has already been reported for BMP9 in lung, gastric and breast cancers in which PI3K/AKT and MAPK pathway inhibition was suggested to play a crucial role [17, 34, 35] . Here we show that inhibition of PI3K/AKT and MAPK signalings results in the accumulation of the cell cycle inhibitors p21 and p27, molecularly corroborating our results.
One of the major cause of GBM recurrence is cancer cell dissemination [49] . BMP9 has been shown to regulate the expression of multiple extracellular matrix proteins and, particularly, to inhibit cancer cell migration and invasion through affecting matrix metalloproteinases levels in osteosarcoma and breast cancer [50, 51] . We confirmed these results in GBM by showing a defective invasive abilities of treated cells in vitro and in vivo. In our experimental setting, the mechanism underlying the BMP9-mediated regulation of these functions seem to involve the RhoA-Cofilin axis which, together with MMP9 are subjected to a strong BMP9-dependent reduction of their levels. In this context, PI3K/AKT and MEK/ERK have been reported to regulate the metastatic potential of cancer cells through a positive control of MMP9 expression [52, 53] , . Representative immunohistochemical images of GBM xenograft sections stained for GFP (brown) (original magnification 10×, scale bar = 50 μm) and relative quantification of the % of cells invading adjacent tissues (right panels) (e and f for pre-treatment and post-treatment, respectively). GBM xenograft sections stained for Nestin (red, g-h), GFAP (green, i-j), S100 (green, k-l) (original magnification 20×, scale bar = 50μ m) and relative quantification (right panels) (g, i, k and h, j, l for pre-treatment and post-treatment, respectively). Data are presented as mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001 by paired t-test or One-way ANOVA thus providing a potential integrated interpretation of the multiple intracellular events sharing an upstream BMP9 modulation.
Many authors already reported a potent prodifferentiating activity triggered by BMP2 [5, 22] , BMP4 [20] and BMP7 [19, 23, 24] on GSCs. In these studies, activation of BMP signaling was sufficient to dramatically inhibit the stem-like properties of primary GBM cultures both in vitro and in vivo, by inducing a multi-lineage neural differentiation. Information regarding the potential effects exerted by BMP9 on GSCs has been never reported so far. Here, we demonstrate that BMP9 retains a similar behavior as other BMPs in counteracting GBM stem cells by promoting their differentiation, not only in vitro, but also in vivo in human xenografts in mice. Intriguingly, the ability to induce a non-lineage specific differentiation was confirmed also for BMP9, although acquisition of astrocytic-like traits was predominantly observed in our context.
Hypoxic microenvironment plays a key role in sustaining GBM invasiveness [30] and undifferentiated phenotype [7] with the additional intrinsic ability of boosting neovascularization to provide cancer subsistence [31] . Hardee et al. finely described the multiple mechanisms by which neo-vascularization in gliomas occurs, finally stating that an effective inhibition of some of these processes may be a peerless challenge for the actual anti-angiogenic strategies [54] . Indeed, the described increase in vascular co-option, together with the stimulation of further pro-angiogenic factors sustained by hypoxia, may contribute to a provascular phenotype able to escape from anti-angiogenic treatments [54] . Furthermore, a quote of GSCs may possess the ability to transdifferentiate into endothelial cells that display low/absent sensitivity to bevacizumab or other anti-VEGFR therapies [12, 55, 56] , due to the proven lack of VEGFR expression [10] .
Our experimental results clearly support the assignment to BMP9 of unique anti-angiogenic properties which seem not to be shared with other BMP ligands or inhibitors (Suppl. Fig. S11B ). Indeed, we intriguingly found that BMP9: (i) inhibits GBM xenograft neo-vascularization in mice; (ii) slows down the phenomenon of GSC-endothelial transdifferentiation, by decreasing the expression of multiple endothelial specific markers and counteracting their functional organization into vascular structures; (iii) basically abrogates vascular mimicry, although this process seems not to be a major contributor in GBM-induced angiogenesis. Given the previously demonstrated proangiogenic activity exerted by BMP9 signaling, not only in normal ECs [48] , but also in melanoma, breast carcinoma, head and neck and pancreatic cancers [57, 58] , it seems quite surprising that it might act as an anti-vascular agent in GBM. Nevertheless, a BMP9-dependent decrease of VEGF expression has been already reported in ECs [59] and, in peculiar ex vivo conditions, it has been shown to inhibit EC sprouting and neo-angiogenesis [28] . Here, we observed similar effects which suggest that BMPs are likely to operate in a dose-and context-dependent way in normal and pathologic tissues. Given the complex crosstalk between different cellular entities and the coexistence of multiple deregulated signaling pathways, it is tempting to hypothesize that GBM microenvironment could play a + vessels (brown) combined with PAS staining (purple) (original magnification 40×, scale bar = 25 μm) (d and e for pre-treatment and post-treatment, respectively) and relative quantification of the microvascular density (MVD) (f). Bar graph reporting the percentage of TDECs on the total number of microvessels (g). Quantification of vascular mimicry expressed as number of PAS + /CD31 -microvessels/optical field (h). o.f. = optical field. Data are presented as mean ± S.E.M. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.001 by paired t-test or One-way ANOVA fundamental role in redirecting BMP9 functions. In particular, it has already been demonstrated that a reciprocal regulation between BMP2/4 and the hypoxic mediator HIF-1α exists [5, 60] , allowing to speculate that a potential hypoxic microenvironment-dependent ignition of a specific transcriptional activity may occur also for BMP9. Moreover, given the observed effects of BMP9 on GBM cell aggressiveness, phenotype and pro-angiogenic features, we can hypothesize that GBM tumors can adapt their transcriptional behavior in order to limit BMP9 expression (Suppl. Fig. S11A ), thus easing their growth and dissemination.
Finally, to the best of our knowledge, we report for the first time a previously unexplored inhibitory function of BMP9 against the process of VM in GBM xenografts. This unforeseen function could be probably explained by previous studies demonstrating a BMP9 role in extracellular matrix protein deposition and remodeling [50] , even if further studies would be necessary in order to identify the molecular mechanisms underlying this effect.
Our data clearly suggest that BMP9 may act as a strong inhibitor of GBM aggressiveness, by reducing cell proliferation and dissemination and inducing the decrease of cells endowed with stem-like characteristics, which intrinsically sustain therapy resistance [5] . Moreover, we describe an additional intriguing function of BMP9 as a potent inhibitor of tumor angiogenesis in GBM, thus conferring to this factor the dual potential of counteracting the prosurvival effects exerted by both the hypoxic microenvironment [7] and the peri-vascular niches [61] . For these reasons, a better comprehension of the molecular mechanisms by which BMP9 exerts its inhibitory effects, promises the future development of novel therapies based on the administration of an all-in-one agent targeting both tumor parenchyma and its pro-angiogenic microenvironment.
Materials and Methods
Cell cultures and treatments
Primary GBM cells were isolated from GBM tumors at surgery and cultured as previously described [38] . Written informed consent for the donation of adult tumor brain tissues was obtained from patients before tissue collection under the auspices of the protocol for the acquisition of human brain tissues obtained from the Ethical Committee of the Padova University-Hospital. All tissues were acquired following the tenets of the Declaration of Helsinki. Briefly, tumor biopsies were subjected to mechanical dissociation and cell suspension cultured on fibronectin coated dishes in a "GBM medium" composed of DMEM/F12 supplemented with 10% BIT9500 (Stemcell Technologies Inc., Vancouver, Canada), 20 ng/ml basic Fibroblast Growth Factor (bFGF; Sigma-Aldrich S.r.l., Milan, IT) and 20 ng/ml Epidermal Growth Factor (EGF; R&D Systems, Minneapolis, MN).
Cells were not cultured for more than 8 passages in vitro in order to avoid long term culture related effects. In some experiments, 1 × 10 5 GBM cells were cultured in P6 wells in "EC medium" made up of M200 supplemented with Low Serum Growth Supplement, (Life technologies, Carlsbad, CA) for 10 days, to reproduce in vitro the transdifferentiation of GSCs into TDECs.
Both GBM cells and GBM-derived EC were maintained in an atmosphere of 2% oxygen, 5% carbon dioxide and balanced nitrogen in a Ruskinn C300 system for a proper cell expansion in hypoxic conditions (Ruskinn Technology Ltd, Bridgend, UK).
Treatment with human recombinant BMP9 (Peprotech, London, UK) was performed every other day at a final concentration of 30 ng/ml. BMP9-related cytotoxicity was assayed by trypan blue exclusion and cell proliferation measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) test.
For some experiments, the HuTuP13 primary GBM cells have been transduced with a GFP expressing lentiviral construct and imaging obtained by fluorescence microscopy (Exacta + Optech Labcenter Spa, San Prospero, IT). Information regarding primary GBM cultures used in this study are reported as Suppl. Table S1 .
Immunoblotting
Proteins were extracted from GBM cells after 3 or 6 h of treatment with BMP9 30 ng/ml. Equal amounts of proteins (10 µg) were resolved by SDS PAGE gels and transferred to polyvinylidene difluoride (PVDF) Immobilon-p membrane (Merk-Millipore, Darmstadt, DE). After blocking with Iblock™ (Thermo Fisher Scientific, Waltham, MA) for at least 1 h at room temperature, membranes were incubated overnight at 4°C with primary antibodies listed in Suppl. Table S2 . β-actin (Sigma-Aldrich, Saint Louis, MO) was used as loading control. Membranes were next incubated with peroxidase-labeled secondary antibodies for 60 min. All membranes were visualized using ECL Select and exposed to Hyperfilm MP (GE Healthcare, Little Chalfont, UK).
Quantitative real-time PCR (qRT-PCR)
Relative mRNA expression was measured by real-time PCR, using GUSB as reference gene. Total RNA was isolated from GBM cells treated with BMP9 for the indicated time-points using TRIzol reagent (Invitrogen, Carlsbad, CA) and then subjected to retro-transcription using Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. qRT-PCR was performed using SYBR Green (Applied Biosystem, Foster City, CA) and analyzed on an ABI PRISM 7900HT Sequence detection system (Applied Biosystems, Foster City, CA) by the ΔΔct method. Oligonucleotides used to amplify mRNA fragments are reported in Suppl. Table S3 .
Scratch, migration and invasion assays GBM cell migration was analyzed by gently "scratching" a confluent cell monolayer (treated or not with BMP9 30 ng/ ml) and then measuring the ability of borderline cells to move into and close the scratch during time (from 6 to 72 h). Images were acquired by using a Nikon SMZ1500 microscope (Nikon, Melville, NY) and wound width measured in at least four random fields by using Adobe Photoshop CS6 (Adobe Systems Incorporated, La Jolla, CA; www.adobe.com).
Cell migration was further monitored by seeding cells onto 8 µm transwells and by analyzing the migrated cells in the underlying compartment after 24 h. Cells were stained with 0.5% Crystal violet in 20% methanol. Images were captured with a Nikon TS100 inverted microscope (Nikon, Melville, NY). Crystal violet was further solubilized with 0.2% SDS solution in 15% ethanol for 30′ at 37°C, and then measured at 560 nm using a VICTOR3 spectrophotometer (Perkin Elmer, Milan, IT).
GBM invasion was evaluated using the CultreCoat® 24 Well BME Cell Invasion Assay (Trevigen, Gaithersburg, MD) according to the manufacturer's instructions. Invasion was measured 48 h after plating, at 485-520 nm using a VICTOR3 spectrophotometer (Perkin Elmer, Milan, IT).
Neurosphere forming and limiting dilution assays
For the neurosphere forming assay, GBM cells pre-treated with BMP9 for 10 days and relative control cells were counted and plated as single cells on tissue culture plates at a density of 1 × 10 3 cells per P6 well in non adherent conditions. The number of generated neurospheres was recorded after 21 days of culture (cell replating #1) (medium refresh once a week). Images were captured with Nikon SMZ1500 microscope (Nikon, Melville, NY), and the area of neurospheres measured by ImageJ software (https://ima gej.nih.gov). Cells were further isolated, seeded and monitored for additional 21 days (cell replating #2). The number of neurospheres was measured also at this time-point.
To assess the GBM initiating cell frequency we seeded cells pre-treated with BMP9 for 10 days and relative control cells at pre-determined cell dilutions in P96 wells. The proportion of wells containing no spheres was recorder after at least two additional weeks of culture and the frequency of GBM cells endowed with initiating properties calculated.
Flow cytometry and immunofluorescence of cultured cells
For flow cytometry analysis, GBM cells were treated with BMP9 for 10 days, detached and then stained with primary antibodies as listed in Suppl. Table S2 . For unconjugated antibodies, cells were then incubated with the appropriate species specific secondary antibodies conjugated with Alexa dyes (1:500, Molecular Probes, Carlsbad, CA). Samples were analyzed on a Cytomic FC500 or Cytoflex flow cytometer (Beckman Coulter, Brea, CA). Data are presented as percentage of positive-cells in the live-gated cell subpopulation.
For immunofluorescence imaging, cells were fixed in cold 4% formaldehyde for 15 min, rinsed and stained with phalloidin-FITC (50 µg/ml, Sigma-Aldrich S.r.l., Milan, IT), or in alternative with primary antibodies as reported in Suppl. Table S2 . After incubation, cells were washed and labeled with species specific secondary antibodies conjugated with Alexa dyes (1:1000, Molecular Probes, Carlsbad, CA). Cells were counterstained with DAPI (1 µg/ ml, Sigma-Aldrich, St. Louis, MO). Finally, images were obtained by using an Eclipse Ti80 video-confocal microscope (Vico, Nikon, Melville, NY) or a Zeiss Axio Imager M1 epifluorescence microscope (Zeiss, Oberkochen, Germany)
Capillary tube formation assay 3 × 10 4 GBM cells were pre-treated for 10 days with BMP9 every other day at 30 ng/ml and then seeded over Matrigel matrix (Basement membrane matrix, BD Biosciences, Franklin Lakes, NJ) to allow the capillary tubes to form within 24 h, as previously described [39] . Images were acquired with a Nikon SMZ1500 microscope (Nikon, Melville, NY) and then analyzed by using ImageJ software (Angiogenesis plug-in; https://imagej.nih.gov) and accounting for the number of meshes and branches of the capillary structures, as described [38] . Values were expressed as relative deviations (%) from control cultures grown in GBM medium.
Generation of human orthotopic GBM xenograft model in mice
Animal experiments were approved by our local animal ethics committee and were executed in accordance with national guidelines and regulations. Procedures involving animals and their care were conformed with institutional guidelines that comply with national and international laws Wpre in which deltaLNGFR has been substituted with firefly luciferase coding sequence, and orthotopically injected into the brain of 8-10-week-old female NOD/SCID mice (coordinates used were anterior/posterior: −0.5 mm, medial/lateral: −1.5 mm from bregma and dorsal/ventral: 2.5 mm). Treatment with BMP9 was performed with two different strategies: (i) GFP-LUC-transduced GBM cells pre-treated in vitro for 10 days with BMP9 30 ng/ml were stereotaxically injected into the mice brain; (ii) established GBM xenografts were treated with two dosages of BMP9 (1 or 3 µg/14days) by adopting intracranial osmotic pumps (ALZET pumps #2002 and ALZET Brain Infusion Kit 3, Charles River Laboratories, Milano, IT), according to the manufacturer's instructions, and as reported in the Suppl. Fig. S9A .
In vivo imaging of growing xenografts was performed at pre-determined time-points by intraperitoneally injecting 10 μl/g body weight of XenoLight D-luciferin firefly (15 mg/ml in PBS; Perkin Elmer, Waltham, MA), and detecting brain luminescence with a Xenogen IVIS Lumina II System (Xenogen Corporation, Alameda, CA). Data analysis was performed using Living Image software, and the intensity of the signal was quantified in the regions of interest. Radiance unit was expressed as number of photons (p) per second (s) that leave a square centimeter of tissue (cm 2 ) and radiate into a solid angle of one steradian (sr), p/s/ cm 2 /sr). Once tumors had grown until pre-determined time points, and before the appearance of any neurological defect, mice were intracardially perfused with PFA 4% PBS 1×, at a constant flow rate (3 ml/min), and then brains extracted and cryoprotected in sucrose. GBM bearing mice brains were included in OCT compound and stored at −130°C until being cryosectioned for histology, immunohistochemistry and immunofluorescence analyses.
Hystology, immunohistochemistry, and immunofluorescence of brain sections
For immunohistochemistry, 10 µm sections were re-hydrated, blocked with 1.5% pre-immune serum and then stained with specific primary antibodies as listed in Suppl. Table S2 . Slides were subsequently washed and incubated with the appropriate secondary antibodies. Immunostaining was performed using the avidin-biotin-peroxidase complex technique (Vectastain ABC kit; Vector Labs, Burlingame, CA), and 3,3′-diaminobenzidine (DAB kit; Dako, Glostrup, DK) was used as a chromogen substrate. Finally, tumor sections were counterstained with Mayer's haematoxylin (Sigma-Aldrich, Saint Luis, MO). For some analyses, both anti-human and anti-mouse CD31 primary antibodies were concomitantly used to visualize the entire tumor vasculature (both TDECs and mouse EC-derived vessels) and combined with a standard PAS staining.
The MVD was assessed by counting the number of vessels in 5 fields per section, using a 40 × objective. Images were collected with a Zeiss Axio Imager M1 microscopy (Zeiss, Oberkochen, DE).
Immunofluorescence was performed with standard procedures. Briefly, slides were re-hydrated, blocked and then stained with primary antibodies as listed in Suppl. Table S2 . Appropriate Alexa conjugated secondary antibodies were used (1:1000, Life technologies, Carlsbad, CA). Finally, samples have been counterstained with DAPI (1 µg/ml, Sigma-Aldrich, Saint Luis, MO). Images were collected with a Nikon Eclipse Ti80 video-confocal microscopy (ViCo, Nikon, Melville, NY) or a Zeiss Axio Imager M1 epifluorescence microscope (Zeiss, Oberkochen, Germany).
Hematoxylin and eosin staining has been performed with standard techniques. Whole brain images were captured with a Nikon SMZ100 microscope (Nikon, Melville, NY) at 1 × magnification.
Statistical analyses
Graphs and associated statistical analyses were generated using Graph Pad Prism 7.03 (GraphPad, La Jolla, CA). In general, data have been generated by performing the experiments in at least two different primary cell cultures and repeating them at least three times in each cell culture. Unless differently indicated, all data are presented as mean± standard error of the mean (S.E.M.). Statistical significance was measured by t-test (comparison of two groups) or Oneway ANOVA (comparison of three or more groups) with Newman-Keuls multiple comparison post test. Statistical differences among the different wound closure or GBM xenograft growth curves reported in the manuscript were calculated by interpolating non-linear regressions of each dataset and comparing them by Extra sum-of-squares F test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Additional materials and methods are provided as Supporting information.
